Matched beam loading in laser wakefield acceleration (LWFA), characterizing the state of flattening of the acceleration electric field along the bunch, leads to the minimization of energy spread at high bunch charges. Here, we demonstrate by independently controlling injected charge and acceleration gradients, using the self-truncated ionization injection scheme, that minimal energy spread coincides with a reduction of the normalized beam divergence. With the simultaneous confirmation of a constant beam radius at the plasma exit, deduced from betatron radiation spectroscopy, we attribute this effect to the reduction of chromatic betatron decoherence. Thus, beam loaded LWFA enables highest longitudinal and transverse phase space densities.
The concept of laser wakefield acceleration (LWFA) exploits the ultra-high accelerating field gradients of up to a few hundred gigavolt-per-meter generated in the wake of a high-intensity laser pulse as it propagates through an optically transparent plasma [1, 2] . Electron bunches can thus be accelerated to GeV energies within acceleration distances of only centimeters [3] . Beam quality with respect to bunch charge, energy bandwidth, emittance and pulse-to-pulse stability has improved substantially in the last decade and is closely linked to a variety of controlled electron injection techniques [4, 5, 6, 7, 8, 9] . Only recently it was demonstrated that laser plasma accelerators can be tailored for minimum energy spread at highest bunch charges by reshaping the local accelerating field by matched beam loading [10, 9] . This combination of high charge, essential in the beam loading regime, and the short bunch duration in the range of 10 fs [11, 12, 13, 14] result in high peak-currents exceeding 10 kA. Future applications, such as high-field THz sources [15] , laboratory-size beamdriven plasma accelerators [16, 17, 18] and compact free-electron lasers [19, 20, 21, 22, 23] , will require such compact and further improved high-brightness electron sources.
For taking full advantage of such high peak currents, not only the beam energy spread has to be minimized, but also divergence and thus beam emittance [24, 25] . In this letter, we address this point by showing how beam decoherence, schematically illustrated in Fig. 1 , affects the transverse beam quality.
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Figure 1. Beam decoherence: (a) illustrates the transverse phase space of a bunch with a finite energy spread consisting of many slices of different electron energy which rotate in phase space. The beam envelope encircles the sum of all slices. (b) shows the projection dQ/dp x of the beam on p x , which is typically recorded in experiments and used for measuring the beam divergence. (c) shows the time-dependence that is caused by the phase space rotation of the beam envelope. When the slices in (a) span over ∆φ > π, full decoherence is reached and the modulations in (c) vanish.
In transverse phase space (x, p x ) a polychromatic bunch can be divided into slices representing different energy classes. These then rotate with different angular frequencies according to the energy-dependent transverse focusing [26, 27] . A phase difference ∆φ > π leads to full decoherence and thus the maximum in occupied phase space area, i.e. in beam divergence and size. Here, we demonstrate that beam loading besides minimizing the final energy spread also decreases the beam divergence by about 20 %. Betatron radiation spectroscopy simultaneously confirms a constant beam radius of less than 1 µm at the plasma exit. The small beam size and the minimized divergence improve the transverse beam quality and thus beam emittance, facilitating beam transport and novel applications.
At the matched beam loading condition, a balance between the bunch's self-fields and the acceleration field of the wakefield is reached, resulting in a constant longitudinal acceleration field along the bunch [28, 29] , illustrated in Fig. 4 (c) presenting simulation results discussed later in the text. All electrons within the bunch thus experience the same acceleration field so that no energy spread is added during the process. Besides acceleration, the wakefield provides strong linear focusing forces [30] . Off-axis electrons perform transverse (betatron) oscillations around the beam axis and emit betatron radiation while being accelerated [31, 32, 33, 34, 2] . Frequency, amplitude, and phase of the betatron motion strongly depend on the energy of electrons and their initial off-axis positions. At the end of the plasma accelerator, the motion of electrons in (x, p x ) defines the final beam size and transverse momentum distribution. Betatron radiation enables unique access to the micron-scale beam size at the plasma exit [35, 33, 36] . Bunches with finite energy spread experience decoherence of the betatron oscillations. As a consequence the envelope of a polychromatic beam performs significant oscillations [26, 27] . The beam loading condition can be effectively used to control beam decoherence, and thus the final beam emittance.
Experiments were performed with the DRACO Ti:Sapphire laser system [37] Figure 2. Experimental setup: The laser is focused on a gas jet and drives a wakefield. Accelerated electrons are energy analyzed in a magnet spectrometer. An aluminum foil blocks residual laser light behind the spectrometer. The scintillator of the betatron profiler intercepts the angular profile of the betatron radiation. On-axis betatron radiation passes through a hole of the profiler and is detected by the x-ray camera, which is separated from the interaction chamber by a beryllium window. An aluminum filter foil attenuates the betatron flux.
at the Helmholtz-Zentrum Dresden -Rossendorf. Fig. 2 shows a schematic of the setup. Laser pulses of 30 fs full-width at half-maximum (FWHM) duration with 2.5 J energy on target were focused with an off-axis parabolic mirror (f/20) to a vacuum focal spot size of 20 µm (FWHM) yielding a normalized laser intensity of a 0 2.6. The Strehl ratio of the wavefront-corrected beam was measured to be 0.9 by the laser energy within the beam waist (e −2 of intensity). The laser beam was focused ∼1.5 mm beyond the entry of a 3 mm long de Laval gas nozzle [38] . The nozzle was operated with He-N 2 gas mixtures containing 0.2 % to 1.5 % of N 2 . The gas density profile at 1.5 mm above the nozzle exit, i.e., the laser beam axis, was characterized by a dedicated interferometry setup [38] and consists of a 1.6 mm flat top region. Electrons were injected into the wakefield using self-truncated ionization injection (STII) [10, 39, 40] , which enabled stable and reproducible shots with high charges of up to 500 pC (within FWHM) required for entering the beam loading regime. In order to measure the energy distribution, a 40 cm long permanent magnet dipole dispersed accelerated electrons to a set of charge calibrated scintillator screens (Konica Minolta OG 400) [41] that was read-out by charge coupled device (CCD) cameras.
A back-illuminated, deep depletion x-ray CCD (Princeton Instruments Pixis-XO 400BR) with 1340 pixel × 400 pixel recorded betatron radiation emitted from the LWFA process. The camera was placed inside a dedicated radiation shielded area 12 m downstream of the plasma target, covering a solid angle of 1.5 mrad × 0.8 mrad. A 76 µm thick beryllium window sealed the CCD chip, allowing for cooling and background noise reduction. An aluminum filter foil of 200 µm thickness attenuated the betatron flux and enabled single-shot reconstruction of the betatron spectrum by counting single-photon absorption events [42, 36, 43] . Behind the electron spectrometer, a scintillator screen oriented at 45
• with respect to the beam axis recorded the angle-resolved betatron 3/11 profile.
The data sets presented in this letter were taken during the same experimental campaign as those of Ref. [10] and follow a similar statistical significance of up to 15 consecutive shots. The amount of injected charge was tuned by varying the nitrogen concentration, keeping the laser parameters and plasma density constant. Due to the beam loading effect, the energy spread of the accelerated electron beams depends strongly on the injected charge, reaching a minimum value at around 300 pC, as shown in Fig. 3(a) . The same trend holds for the energy (see supplementary information [44] ).
In order to investigate the effect of beam loading on the transverse electron dynamics, the geometric divergence of the bunch σ θ was extracted from the non-dispersive plane of the electron spectrometer after having left the plasma accelerator. Fig. 3(b) shows the normalized divergence γσ θ for various plasma 4/11 densities where γ is the relativistic Lorentz factor. At around 300 pC where the optimum beam loading occurs [10] , a drop of up to 20 % of the normalized beam divergence is consistently observed for all plasma density sets. This suggests that accelerator geometry, i.e., cavity size, plasma wavelength and the plasma down-ramp length, does not play a dominant role in the observed effect.
Additionally, the betatron source size, thus the electron beam radius at the end of the accelerator, was deduced from the betatron spectrum by modeling synchrotron radiation [33, 36] . Errors caused by shot-to-shot fluctuation resulting in jitter of the betatron pointing were avoided by excluding off-center shots using the transverse betatron profile diagnostic. Only shots within one data set were selected where the betatron radiation cone was oriented on-axis. Fig. 3(c) presents the reconstructed betatron source radii r β γ −1/4 . The γ −1/4 factor normalizes differences in energy gain [2] . Note that the betatron radius expresses no extremum at 300 pC but indicates a constant micrometer-small source size at the plasma accelerator exit for different experimental parameters. For this spatially compact bunch, the normalized divergence shows a fairly similar value for the lowest and highest charges. Thus, space charge does not dominate the beam divergence as the bunch propagates in the drift space after acceleration. Otherwise, a monotonic increase of the beam divergence with charge should be visible.
Because space charge cannot explain the reduced beam divergence observed at matched beam loading, we focus on the influence of beam energy spread on beam decoherence. For optimum beam loading the relative beam energy spread reaches a minimum value. The length required for the full decoherence can be estimated by l dc = 2.35λ β E /∆E [26, 45] . Here, λ β = √ 2γλ p is the betatron wavelength, λ p = 2πc/ω p the plasma wavelength, c the speed of light in vacuum, ω p the plasma frequency, ∆E the energy spread (FWHM), and E the average energy of the peaked spectrum. For the observed energy range, l dc is always longer than two millimeters which is more than the acceleration length l acc of 1.6 mm, indicated by simulation [44] . The short acceleration length suggests that the accelerated electron bunches have not fully experienced beam decoherence at the end of the plasma channel. Thus, the difference of the betatron phase between the highest and lowest energy electrons can quantify the degree of decoherence. In transverse phase space (x, p x ), electrons at given energy orbit at a different frequency compared to electrons at other energies [27] . A group i of electrons with the energy γ i gains the betatron phase φ i = lacc 0 dtω β,i over the acceleration length, with ω β,i = 2πc/λ β,i being the betatron frequency. With the maximum and minimum phase for i = 1, 2, full decoherence is equivalent to a phase difference ∆φ = φ 1 − φ 2 ≥ π. Furthermore, the duration of the injection process determines the initial transverse phase space. Electrons injected earlier have already performed phase space rotation while other electrons are still being trapped. For the case of STII with an injection duration shorter than π/ω p , beam size and transverse momentum spread can exhibit oscillations in (x, p x ) [27] . The phase difference ∆φ is given by [27] :
where k p = 2π/λ p is the plasma wavenumber. The electric fields E z,i at the bunch's head and tail are deduced from the measured maximum energy gain and energy spread and are normalized to m e ω p c/e, where m e and e are the electron rest mass and the charge, respectively. Fig. 3(d) presents the calculated phase difference according to Eq. (1). In general, the minimum ∆φ is in good agreement with the expected optimum beam loading condition, appearing at slightly lower charges than the minimum of γσ θ . This demonstrates that a low energy spread leads to the reduction of the beam decoherence resulting in electron beams of small divergence. An upper limit for the normalized emittance of n = γσ θ r b can be derived from the simultaneously recorded beam divergence and radius r b . The latter can be deduced from r β by r b = r β / √ 2 [46] . Typical values of the beam size are in the range of 0.56 µm to 0.7 µm at the accelerator exit. Together with γσ θ varying from 4 rad to 5.6 rad, the resulting normalized emittance reaches 2 mm mrad to 4 mm mrad which is comparable with typical values for LWFA when applying ionization injection [2, 9] .
Parallel to the experimental work, three-dimensional particle-in-cell (PIC) simulations were performed with the PIConGPU code [48, 49] taking realistic experimental parameters [44] . With these simulations the influence of beam loading on the focusing fields and transverse phase space can be confirmed. Fig. 4(a) illustrates the focusing field map from two plasma cavities loaded with an injected charge of 300 pC. Note that the focusing force is extended to smaller (z − ct) because of the large amount of injected charge, demonstrating the beam loading effect [29] . The blue and orange lineouts in Fig. 4(b) are sampling the focusing force at different longitudinal positions, i.e., in the front of the bunch and at the bunch center, respectively, emphasizing the linearity and independence of space charge. Fig. 4(c) illustrates the effect of beam loading on the acceleration field. The weak loading of a small bunch charge (210 pC) maintains the typical linear field gradient. With strong beam loading (300 pC), the field becomes constant along the bunch, minimizing the energy spread accumulated during acceleration. Summarizing, beam loading does not directly couple the longitudinal and transverse fields of the plasma cavity. Fig. 5 presents the temporal evolution of the transverse momentum for the bunch and a subset of ∼4000 macro-particles. As shown in Fig. 5(a) , the entire bunch experiences periodic modulations in p x , indicating that the bunch has not reached full decoherence yet. This confirms the estimate of the decoherence length. The modulations can be attributed to the betatron oscillations as denoted for a macro-particles subset in Fig. 5(b) . The subset contains macroparticles with same initial position and momentum. The black curve represents the theoretically predicted evolution in phase space according to [30] and agrees well with the simulated data.
In conclusion, we have shown that the experimental observation of the charge dependent minimum in normalized beam divergence can be explained by incomplete decoherence of the betatron oscillations in the bunch. The finding is an essential step towards the generation of electron bunches with small normalized divergence and energy spread at high peak current. Furthermore, tuning the energy spread can control the beam divergence via the betatron decoherence process. The next generation of high-flux light sources will benefit from less divergent electron sources and beam transport to a subsequent setup such as an insertion device will be facilitated.
The The PIC simulations utilized a laser pulse that was modeled using a GaussianLaguerre envelope in space and a Gaussian envelope in time. The laser wavelength was λ 0 = 800 nm and a pulse length was 30 fs (full-width at half-maximum). The simulation box consisted of 768 × 768 × 2016 cells and had a transverse resolution of 0.33λ 0 , a longitudinal resolution of 0.05λ 0 and a temporal resolution of 0.05c/λ 0 , where c is the speed of light. Such spatio-temporal resolution is required in order to numerically investigate the dynamics of the wakefield and plasma electrons. All simulations were performed with particle identifiers that allowed particle tracking of the nitrogen K-shell electrons.
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